Surface runoff from cropland frequently has high concentrations of nutrients and herbicides, particularly in the fi rst few events after application. Grassed waterways can control erosion while transmitting this runoff off site, but are generally ineff ective in removing dissolved agrochemicals. In this study, we routed runoff from one tilled (0.67 ha) and one no-till watershed (0.79 ha) planted to corn (Zea mays L.) into parallel, 30-m-long grassed waterways. Two 46-cmdiam. fi lter socks fi lled with composted bark and wood chips were placed 7.5 m apart in the upper half of one waterway and in the lower half of the other waterway to determine if they decreased concentrations of sediment and dissolved chemicals. Automated samplers were used to obtain samples above and below the treated segments of the waterways for two crop years. Th e fi lter socks had no signifi cant eff ect (P ≤ 0.05) on sediment concentrations for runoff from the no-till watershed, but contributed to an additional 49% reduction in average sediment concentration compared with unamended waterways used with the tilled watershed. Th e fi lter socks signifi cantly increased the concentrations of Cl, NO 3 -N, PO 4 -P, SO 4 , Ca, K, Na, and Mg in runoff from at least one watershed, probably due to soluble forms of these ions in the compost. Th e estimated additional amounts of these ions contributed by the socks each year ranged from 0.04 to 1.2 kg, thus were likely to be inconsequential. Th e fi lter socks contributed to a signifi cant (P ≤ 0.05) additional reduction in dissolved glyphosate [N-(phosphonomethyl)glycine] (5%) and alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide] (18%) concentrations for the tilled watersheds, but this was insuffi cient to reduce alachlor concentrations to acceptable levels.
Surface runoff from cropland frequently has high concentrations of nutrients and herbicides, particularly in the fi rst few events after application. Grassed waterways can control erosion while transmitting this runoff off site, but are generally ineff ective in removing dissolved agrochemicals. In this study, we routed runoff from one tilled (0.67 ha) and one no-till watershed (0.79 ha) planted to corn (Zea mays L.) into parallel, 30-m-long grassed waterways. Two 46-cmdiam. fi lter socks fi lled with composted bark and wood chips were placed 7.5 m apart in the upper half of one waterway and in the lower half of the other waterway to determine if they decreased concentrations of sediment and dissolved chemicals. Automated samplers were used to obtain samples above and below the treated segments of the waterways for two crop years. Th e fi lter socks had no signifi cant eff ect (P ≤ 0.05) on sediment concentrations for runoff from the no-till watershed, but contributed to an additional 49% reduction in average sediment concentration compared with unamended waterways used with the tilled watershed. Th e fi lter socks signifi cantly increased the concentrations of Cl, NO 3 -N, PO 4 -P, SO 4 , Ca, K, Na, and Mg in runoff from at least one watershed, probably due to soluble forms of these ions in the compost. Th e estimated additional amounts of these ions contributed by the socks each year ranged from 0.04 to 1.2 kg, thus were likely to be inconsequential. Th e fi lter socks contributed to a signifi cant (P ≤ 0.05) additional reduction in dissolved glyphosate [N-(phosphonomethyl) glycine] (5%) and alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide] (18%) concentrations for the tilled watersheds, but this was insuffi cient to reduce alachlor concentrations to acceptable levels.
Impact of Grassed Waterways and Compost Filter Socks on the Quality of Surface Runoff from Corn Fields
Martin J. Shipitalo* and James V. Bonta USDA-ARS Elizabeth A. Dayton The Ohio State University Lloyd B. Owens USDA-ARS C onservation tillage, especially no-till, can reduce runoff and erosion on land used for crop production. Many studies have demonstrated that conservation tillage can reduce erosion to acceptable levels in the Corn Belt region of the United States (Lal et al., 1994) . Th ere are potential problems, however, with the use of conservation tillage practices in regard to surface water quality. Because it is necessary to maintain a residue-covered surface for conservation tillage to eff ectively reduce soil loss, herbicides, fertilizers, and other agricultural amendments are often surface applied without incorporation. Lack of incorporation can contribute to high concentrations of herbicides and nutrients in surface runoff , especially in the fi rst few events after application (Wauchope, 1978; Fawcett et al., 1994; Shipitalo and Owens, 2006) . One way to mitigate this concern is to install conservation buff ers between cropland and receiving bodies of water.
Conservation buff ers, such as riparian forest buff ers, fi lter strips, and grassed waterways are eff ective but underutilized edge-of-fi eld management practices that can reduce sediment and contaminant transport, particularly when used in combination with reduced tillage systems (Lowrance et al., 2002; Krutz et al., 2005) . Conservation buff ers are at their highest effi ciency when surface runoff from cropped fi elds is uniformly distributed across the entire area of the buff er (Dosskey et al., 2002) . In a fi eld-based modeling study, however, Dosskey et al. (2002) found that naturally concentrated fl ow generally occurred before entry into riparian buff ers with eff ective buff er area ranging from 6 to 81% of gross buff er area on the four farms investigated. Th us, unless nonuniform distribution of fl ow is taken into account, the sediment-trapping effi ciency of buff ers can be greatly overestimated. In their model, potential sediment removal was 41 to 99% when uniform distribution was assumed, but dropped to 15 to 43% when concentrated fl ow was considered. Likewise, in a fi eld study Daniels and Gilliam (1996) showed that vegetative fi lter strips were largely ineff ective when runoff was concentrated before entering the fi lter, as high-volume fl ows overwhelmed their ability to retain sediment and chemicals. Th ey cautioned against installing vegetative fi lter strips in areas where soil and geomorphic conditions limit their eff ectiveness. Even when sheet-fl ow conditions exist in fi lter strips, it may be diffi cult to maintain due to sediment deposition causing channelized fl ow (Schmitt et al., 1999; USDA-NRCS, 2000) . On the other hand, the primary design function of grassed waterways is to convey channelized runoff at nonerosive velocities from fi elds to a stable outlet (USDA-NRCS, 2007) . If grassed waterways are designed with long side slopes and fl at bottoms, however, they can reduce runoff volume to a much greater extent than those with V-shaped channels (Fiener and Auerswald, 2003) .
Conservation buff ers are also generally more eff ective in removing sediment and chemicals attached to particulate matter than dissolved chemical species (Daniels and Gilliam, 1996; Schmitt et al., 1999; Mickelson et al., 2003) . In a rainfall simulation study Mickelson et al. (2003) found that the magnitude of reduction in sediment and atrazine [6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine] transport depended on a number of factors, such as length of the vegetated fi lter strip, rainfall rate, antecedent soil water content, and soil permeability. While deposition within the fi lter strip was the primary mechanism reducing sediment transport, infi ltration and dilution were the major mechanisms contributing to a reduction in atrazine transport. Since little atrazine sorption occurred during passage of runoff through the fi lter strip, dilution by uncontaminated rain falling on the fi lter strips was the primary mechanism responsible for decreasing atrazine concentration. Similarly, in a modeling study, Hjelmfelt and Wang (1999) noted that while increasing the density of vegetation in grassed waterways decreased peak fl ow and sediment loss it had little eff ect on atrazine loss because infi ltration did not increase signifi cantly with the claypan soil investigated. In a fi eld study where signifi cant infi ltration occurred in grassed waterways, Fiener and Auerswald (2009) noted that reduction in dissolved reactive phosphorus loads was proportional to the reduction in runoff volume because the waterways did not reduce dissolved reactive phosphorus concentration.
Th us, to reduce transport of herbicides and other dissolved species from cropland to receiving bodies of water via surface runoff , the issues of concentrated fl ow and minimal chemical sorption in conservation buff ers need to be addressed. Concentrated fl ow has been described as the nemesis of pesticide trapping in conservation buff ers (USDA-NRCS, 2000) .
A possible solution is to place permeable, reactive barriers in areas of concentrated fl ow to reduce chemical concentrations. One method that has shown promise is the use of compostfi lled fi lter socks. Th ese are mesh tubes fi lled with compost that have been approved for runoff control at construction sites (USEPA, 2006a; Keener et al., 2007) . Plot studies have demonstrated that fi lter socks are more eff ective than mulch fi lter berms and straw bales in reducing total and suspended solids under simulated rainfall (Faucette et al., 2009) . Furthermore, the U.S. Environmental Protection Agency recommends use of compost fi lter socks as an alternative to straw bales, which are expensive to purchase and install and have high maintenance requirements and failure rates (USEPA, 2006a (USEPA, , 2006b . Compost is also an excellent sorbent for organic and inorganic chemicals, due to the combination of high organic content and minerals (USEPA, 1998) . Recent laboratory studies have indicated that compost used to fi ll socks can sorb soluble phosphorus and thereby reduce the concentration of this nutrient in runoff compared with bare soil (Faucette et al., 2006 (Faucette et al., , 2008 .
Th erefore, our objective was to determine if concentrations of sediment, nutrients, and herbicides in surface runoff from fi elds farmed using conservation tillage practices can be further decreased by placing compost-fi lled fi lter socks in grassed waterways where concentrated fl ow occurs. Th e eff ectiveness of the fi lter socks was tested using a paired waterway approach with the grassed waterways further divided into two treated (fi lter socks) and two untreated (no fi lter socks) segments. Naturally generated runoff from a no-till watershed was routed into paired waterways, as was runoff from a tilled watershed, to determine if tillage practice and sediment load had an eff ect on fi lter sock performance.
Materials and Methods

Study and Waterway Design
Th e experiment was conducted at the North Appalachian Experimental Watershed near Coshocton, OH, where a network of watersheds has been maintained by the USDA-ARS for 70+ yr. Th e highly dissected and steeply sloping topography of northern Appalachia (Kelley et al., 1975 ) limits use of vegetative fi lter strips; hence, relatively narrow, V-shaped grassed waterways are commonly used to safely transmit runoff from agricultural fi elds. Consequently, we installed grassed waterways downstream from the outlets of two small watersheds used to produce corn, one no-till (WS 118; 0.79 ha, average slope 10%) and one disked (WS 127; 0.67 ha, average slope 9%). Th e dominant soil series on each watershed was Coshocton silt loam (fi ne-loamy, mixed, active, mesic Aquultic Hapludalfs). Detailed information on the characteristics, soil properties, and management history of each watershed is presented in Kelley et al. (1975) .
Th e disked watershed was tilled to a depth of approximately 10 cm three to four times before planting. Th is light, shallow disking was designed to leave some of the residue cover intact to minimize the adverse eff ects of residue incorporation observed with moldboard plowing. Glyphosate-tolerant (Roundup Ready) corn was planted on the contour at a 76-cm row spacing on both watersheds. Th ey were treated within a few days of planting with 3.36 kg ha −1 alachlor, 2.24 kg ha −1 atrazine, and 1.12 kg ha -methoxy-N-methylurea] . Th e watersheds also received two 1.12 kg ha −1 applications of a 2-propanamine formulation of glyphosate (equivalent to 0.84 kg ha −1 of glyphosate acid per application). Th e fi rst application was in mid-to late June followed by a second application 2 to 3 wk later. Th e disked watershed was also cultivated between the rows once in June and once in July for additional weed control. Previous research on these watersheds indicated that most of herbicide loss occurs as the result of a few storms that occurred shortly after application (Shipitalo and Owens, 2006) . A weighing-type rain gauge positioned approximately 2 m from WS 118 and another gauge approximately 40 m from WS 127 were used to record precipitation amounts and intensities. Chemical properties of the precipitation were determined using monthly composites from each rain gauge.
Th e waterways were designed by USDA-NRCS personnel and installed under their supervision. Th e design diff ered from their normal specifi cations in that two parallel waterways were installed below the outfall of each cropped watershed (Fig. 1) . Additionally, diversions were constructed to prevent runoff that did not originate on the watersheds from entering the waterways. Th e waterways were constructed and seeded with the recommended mixture of tall fescue [Lolium arundinaceum (Schreb.) S.J. Darbyshire] and Kentucky bluegrass (Poa pratensis L.), mulched with straw, and fertilized in August 2005. Th e nominal dimensions of the V-shaped waterways were 1.8 m wide by 0.6 m deep and the centerlines were 3.6 m apart. Th e slope of the waterways was 3.3% for the no-till watershed and 4.0% for the tilled watershed.
In spring 2006 culverts were installed to divert equal amounts of fl ow from the gauge house into each grassed waterway ( Fig. 1) . In one grassed waterway at each site, compostfi lled fi lter socks were installed 7.0 and 14.5 m downstream from the outlet of the culvert and in the paired waterway fi lter socks were installed 22.0 and 29.5 m downstream from the culvert opening. During runoff events, fl ow rates coming off the watersheds were measured using H fl umes (Brakensiek et al., 1979) installed in the gauge houses. Data loggers were used to record the hydrographs and simultaneously activate fi ve automated discrete samplers (Model 3700, Teledyne ISCO, Lincoln, NE) equipped with stainless steel strainers and 24 glass sample bottles. Th e intake for the fi rst sampler was positioned in the gauge house just below the H fl ume and the other four samplers were positioned 15 and 30 m downstream in each grassed waterway. Shallow stainless steel pans were imbedded in the fl oor of the waterway underneath the strainers to hold them in place and to reduce clogging with grass and other debris. With this sampler confi guration, input concentration to the waterways was measured as runoff left the watersheds, as well as the concentrations after passing through a 15-m segment of grassed waterway with or without fi lter socks, then through the next 15 m of grassed waterway with the position of the socks reversed.
Th e sampling protocol was determined based on preliminary data collected in 2006. Th is indicated that a minimum fl ow depth of 3 cm, as measured in the H fl umes, was required to consistently provide suffi cient fl ow to obtain samples in the downstream positions. Th is depth translates to a fl ow rate of 58.8 L min −1 for the no-till watershed (WS 118, 3-ft H fl ume) and 50.7 L min −1 for the tilled watershed (WS 127, 2.5-ft H fl ume) with fl ow rates entering the paired waterways approximately half those measured at the watershed outlets.
When runoff reached this threshold, discrete samples of approximately 300 mL were immediately obtained. As long as the depth remained >3 cm, additional samples were obtained every 10 min for the fi rst 100 min, every 20 min for the next 200 min, and every 60 min thereafter until the 24-bottle capacity of the samplers was reached or runoff rate was less than the threshold. Samples were brought in from the fi eld and refrigerated shortly after runoff ended and did not remain in the samplers longer than overnight. Generally, at the beginning of the crop year, all samples were analyzed. As herbicide and nutrient concentrations in the runoff declined during the year, only samples representative of the beginning, peak, and tail of the hydrograph of each event were analyzed.
Filter Sock Preparation and Installation
Compost-fi lled fi lter socks were obtained from Filtrexx International, LLC (Grafton, OH) and are marketed under the proprietary name FilterSoxxs. Th e tubular open-mesh socks were a nominal 46-cm diam. and 3 m long and were fi lled using a mechanical auger with composted woodchips and bark that met Filtrexx design specifi cations (Filtrexx International, 2009) . Th e socks were placed lengthwise across the waterways in their specifi ed positions and formed into a V-shape facing upstream as recommended for areas with concentrated fl ow (USEPA, 2006a) . Afterward, in accordance with the manufacturer's recommendations, they were held in place with three stakes (one in the middle and one on each end) and a small amount of loose compost was packed by hand under the leading edge of each fi lter sock to minimize potential fl ow under the socks.
Th e data reported for this experiment were collected in 2007 and 2008. New socks were installed on 17 May 2007 and sampling continued through November each year when below freezing temperatures precluded continued operation of the samplers. Th e socks were removed and replaced with freshly prepared socks on 30 May 2008, with the position of the socks reversed. Th at is, the paired waterway that previously had socks in the upper segment had socks installed in the lower segment and vice versa.
Analytical Procedures
Total suspended solids in the runoff was determined by passing samples through a prewashed, preweighed, 1.5-μm-poresize fi lter and weighing the residue after drying at 105°C. Concentrations of the anions Cl, NO 3 -N, PO 4 -P, SO 4 , and the cations Ca, K, Na, NH 4 -N, Mg in the fi ltered runoff and rain gauge samples were measured by simultaneous injection into Dionex Ion Chromatography Model 2000 and 1500 systems equipped with AS18A and CS12A columns, respectively, following the methodology outlined in Application Note 154 and Document 031132 (Dionex Corp., Sunnyvale, CA).
Dissolved glyphosate concentrations and those of its primary metabolite aminomethylphosphonic acid (AMPA) were measured on fi ltered (0.45 μm) runoff samples. Glyphosate and AMPA were quantifi ed using USEPA Method 547 (USEPA, 1990), which involved direct injection into a high-performance liquid chromatograph (HPLC), automated postcolumn oxidation with hypochlorite and derivatization with o-phthalaldehyde and Th iofl uor (Pickering Laboratories, Mountain View, CA) followed by fl uorescent detection. Th e detection limit for both compounds was 1.0 μg L −1 . Th e amount of glyphosate sorbed to the sediment was not measured.
Atrazine and alachlor were extracted from unfi ltered runoff samples using LC-18 solid-phase extraction tubes, previously conditioned with acetonitrile and deionized water (D'Archivio et al., 2007) . Acetonitrile was used to elute the tubes and one sample per extraction set was spiked with atrazine and alachlor standards. Th e prepared extracts were then analyzed using a HPLC. Th e detection limits were 1.0 μg L −1 for atrazine and 33 μg L −1 for alachlor.
Data Analysis
Th e measured concentrations for individual samples obtained at the outlets of the watersheds were used to calculate fl owweighted concentrations for each runoff event using fl ow volumes computed from the hydrographs. In the case of samples obtained from the four samplers installed in the grassed waterways, fl ow-weighted concentrations were calculated assuming the fl ow rates were half those measured at the watershed outlet. Th us, any potential losses due to infi ltration or increases in fl ow due to rain falling directly on the waterways were assumed to be equivalent in the paired waterway segments. Th e fl ow-weighted concentrations (C) measured at 15 m were normalized by dividing by the input concentrations (C o ) measured at the outlet of the watershed to obtain a ratio (i.e., C/C o ). Likewise, the concentrations measured at 15 m were used as the input concentration to calculate (Fig. 2-4 ) signify a net benefi t of the grassed waterway segment with socks compared with the paired grassed waterway segment without socks. Paired t tests were then used to determine if there were signifi cant diff erences between mean C/C o values for segments with fi lter socks compared with segments without fi lter socks, with P ≤ 0.05 selected as the minimal level for acceptability.
Results and Discussion
Sampling and General Observations
Only runoff events that resulted in collection of samples from all fi ve positions were analyzed. Reasons for sampler failure included power outages, lightning damage, and blocked or damaged suction lines. In 2007 a total of eight events were sampled from the no-till watershed, amounting to 43.9 mm of runoff and ranging from 0.36 to 17.65 mm per event (Table  1) , while only four runoff events were sampled from the tilled watershed, accounting for 2.7 mm of runoff with a range of 0.22 to 1.40 mm (Table 2) (Table 1) and eight events and 48.5 mm (range 0.27-32.21 mm) of runoff from the tilled watershed (Table 2 ) and all events occurred in June and July. As a result of this distribution of storms and sampled runoff events, there were few runoff events shortly after herbicide application in 2007 and few measurements of herbicide concentrations above the detection limits compared with 2008. Th is is a major limitation of natural rainfall studies as pointed out by Krutz et al. (2005) . On the other hand, they note that natural rainfall experiments conducted at the watershed scale probably result in the most realistic assessment of vegetative fi lter strip effi ciency.
In addition to variation in event number, size, and timing, there was considerable variation in fl ow rates within events. At low fl ow rates all the runoff passed through the fi lter socks in the socked portions of the waterways. At high fl ow rates the runoff ponded behind the socks and sometimes overtopped them. In laboratory studies Keener et al. (2007) noted that the effi ciency of fi lter socks in removing sediment declined with increased fl ow rate, due to eventual overtopping, and with time, due to accumulation of solids in or on the fi lter socks that decreased fl ow-through rates. Consequently, the eff ectiveness of the grassed waterways and fi lter socks was probably highly dependent on the timing and size of runoff events, relative to herbicide and nutrient applications and tillage.
Sediment Concentrations and Transport
As a result of tillage, the fl ow-weighted average sediment concentrations for each crop year were about fi ve times higher for runoff exiting the tilled watershed than from the no-till watershed (Tables 1 and 2 ). Deposition of sediment in the waterways, entrapment within the fi lter socks, and dilution by rain falling directly on the waterways were the only processes that could decrease sediment concentration. Th ere was no visible accumulation of sediment behind the fi lter socks other than in instances when temporary ponding occurred and a noticeable fi lm of sediment was left on the grass after the water had receded. Th is suggested that most of the sediment introduced Flow-weighted mean concentrations of the monitored constituents as measured at each sampling position for the no-till watershed (WS  118, 0.79 ha) - to the waterways consisted of suspended silt and clay-sized particles, which are more diffi cult to remove with fi lter socks and other sediment control devices than are larger sized particles (Faucette et al., 2009) . Texture of the soil in the Ap horizon ranged from 12 to 16% clay and 60 to 66% silt in three pedons sampled within WS 118 and from 17 to 22% clay and 67 to 77% silt in three pedons sampled within WS 127 (Kelley et al., 1975) ; thus, clay and silt were probably the dominant particle size fraction in the runoff . Th e graphical and statistical comparisons of the input and output concentrations for the no-till watershed (Fig. 2 and Table 3) revealed that the fi lter socks had no signifi cant eff ect on reducing sediment concentrations (average C/C o = 1.08) compared with the grassed waterway alone (average C/C o = 0.83). We attribute this to the fact that overall sediment losses were small (Tables 4 and 5 ) and probably consisted mainly of clay and silt particles that are poorly retained by the socks. Th e C/C o values >1 were probably due to experimental and sampling error associated with measuring low concentrations. Th e upper waterway data point plotted at x = 2.42, y = 3.49 and one lower waterway value omitted from the graph at x = 0.74, y = 5.28 were for the same event on 22 Nov. 2007 that had a total sediment input of only 0.4 kg. Omitting these apparent outliers from the data set did not result in a detection of signifi cant diff erences among socked and nonsocked waterway segments.
(4 events, 2.7 mm)
In contrast, the results for the tilled watershed clearly indicated that the fi lter socks improved the performance of the grassed waterways in reducing sediment concentrations. Th is may have been due to the higher sediment concentrations observed with this watershed compared with the no-till watershed as Syversen and Bechmann (2004) noted that sediment trapping effi ciency in grass buff ers increases with particle size and sediment concentration. All pairs of observations except one plotted below the 1:1 line (Fig. 2) and the statistical comparison (Table 3) indicated that the fi lter socks decreased average input sediment concentrations by an additional 49% compared with the unamended sections of the waterways (average C/C o = 0.35 vs. 0.84).
Th ere were four instances, however, in which the C/C o values for the unamended grassed waterways were >1. In 2007 this occurred for an event where the total sediment input was only 1.5 kg in a total runoff volume of 9381 L, thus was attributed to experimental error. In 2008 the three C/C o values >1 were recorded for a large event and two events immediately after this event. Th e large event occurred on 8 July and resulted in 64% of the total sediment loss of 3251 kg and 66% of the total runoff for the sampled events in 2008. Th is event also had the highest peak fl ow rate measured during the study of 10,445 L min
. Th e data for individual samples (not shown) collected during this event clearly indicated, when fl ow rates were high, that sediment concentrations were higher in the samples collected from the upper 15-m segment of the unamended grassed waterway compared with the input concentrations. Th e only possible source of this additional sediment was soil detached from the waterway. Th e next two events occurred on 9 and 20 July and accounted for only 16 and 1%, respectively, of the runoff measured in 2008. Rather than eroding the waterway, this runoff may have remobilized sediment deposited in the grass during the falling limb of the hydrograph of the previous large event. Regardless of the source of the sediment, the data indicated that the fi lter socks improved the performance and prevented damage to the waterways even under conditions of high fl ow.
Anion and Cation Concentrations and Transport
Unlike sediment, deposition will not aff ect the concentrations of the monitored anions and cations as the runoff traversed the grassed waterways. Sorption, however, can occur on the grass, grass thatch, and the soil surface (Krutz et al., 2005) . In addi- tion, fi lter socks can potentially further reduce concentrations by sorption on the compost as runoff passes through the socks (Faucette et al., 2008) or by ponding water and increasing contact time with sorptive components within the waterways. Th e C/C o values for the grassed waterways for most of anions and cations were close to 1, indicating little or no eff ect on these dissolved species (Table 3) . Additionally, the fact that C/C o values were close to 1, despite the fact that the concentrations of some of the measured ions in the rain, most notably Ca and Mg, were much lower than the concentrations in the runoff as it exited the watersheds ( Table 1 ), indicated that dilution by rain falling directly on the waterways must have had a minor eff ect on concentrations measured in the waterways. Consequently, any reduction in concentrations of the other dissolved species must have been primarily the result of sorption. Dilution has been shown to be the major process leading to reduction of dissolved contaminants in fi lter strips (Schmitt et al., 1999) . Th is apparent contradiction was probably related to the fact that fi lter strips usually occupy a relatively large area for rainfall accumulation and dilution of the runoff compared with the narrow grassed waterways we investigated. In our study, the area of the watersheds was 41 to 49 times greater than the combined area of both waterways and the interfl uve area (i.e., 162 m 2 ) compared with simulated fi eld-to-buff er area ratios of 5.4:1 and 10.8:1 for the plots investigated by Schmitt et al. (1999) .
Statistical comparisons of C/C o values revealed, however, that the fi lter socks signifi cantly increased the normalized concentrations of all measured anions and cations, except NH 4 -N, in at least one watershed compared with the unamended segments of the waterways (Table 3) . Losses of NH 4 -N from the watersheds were negligible each year and never exceeded 0.1 kg (Tables 4 and 5) . Th e largest increases were noted for chloride where there was an up to 21-fold increase in normalized concentration in one event (Fig. 3) . Th is occurred on the fi rst event in 2007 for the no-till watershed, but by the last sampled event of the year C/C o values near 1 were recorded for the socked segments of the waterways in this watershed. While increases in C/C o values were noted in both watersheds in each year, they tended to be larger in 2007 than in 2008. Th ese observations indicated that the compost material used to fi ll the fi lter socks included soluble chloride salts and suggested that the socks used in 2007 had a higher salt content than that used in 2008. Similarly, the compost material must have contained soluble forms of the other anions and cations that contributed to the signifi cant increases in normalized concentration observed when fi lter socks were installed in the waterways.
Th e average C/C o values statistically compared in Table 3 , however, do not account for variation in event size and varia- as measured at 0 and 15 m for the no-till watershed (WS 118, 0.79 ha) 6526 † AMPA = aminomethylphosphonic acid. ‡ ND = not detected. § Because only half the fl ow was diverted to each waterway, the transport values at 15 m were multiplied by 2 so that the amounts can be compared with the amounts leaving the watershed. The transport amounts estimated at 15 m assume that fl ow rates were identical to those measured at 0 m. 1375 † AMPA = aminomethylphosphonic acid. ‡ ND = not detected. § Because only half the fl ow was diverted to each waterway, the transport values at 15 m were multiplied by 2 so that the amounts can be compared with the amounts leaving the watershed. The transport amounts estimated at 15 m assume that fl ow rates were identical to those measured at 0 m. tion in C/C o with time. Th e fl ow-weighted concentrations for the crop years presented in Tables 1 and 2 indicated that the net eff ect of the fi lter socks on anion and cation concentrations was minimal. Th is can be further illustrated by converting the fl ow-weighted concentrations to transport amounts for the upper 15 m of the waterways, assuming for comparison purposes that all the fl ow was in a single socked or unamended waterway (Tables 4 and 5) . Th is analysis indicated that the maximum increase in transport attributable to the fi lter socks was 1.2 kg of potassium for the tilled watershed in 2008. Th us, the net eff ect of nutrients leached from the socks is likely to be inconsequential. A similar comparison was not made for the lower 15-m segment of the waterways because the input concentrations were aff ected by the treatments in the upper 15 m.
Herbicide Concentrations and Transport
Th e concentrations of the monitored herbicides declined rapidly with days after application as is typically observed in runoff studies (Wauchope, 1978; Shipitalo and Owens, 2006) . Th erefore, the herbicides and the glyphosate degradation product AMPA were frequently not detected in events later in the crop year. In addition, for some events a few individual samples were barely above the detection limit while other samples were below the detection level, resulting in calculated fl ow-weighted average concentrations that were below the detection limit. Th is contributed to C/C o values that were undefi ned (i.e., 0 in the denominator or numerator) or erratic. To alleviate this concern, only comparisons where the calculated the fl ow-weighted average concentrations were above the detection limits were included in the statistical and graphical analysis of the relative concentrations (Table 3) .
Th e average C/C o values for the grassed waterways were all <1, indicating that the grassed waterways reduced herbicide concentrations due to sorption with a minimal eff ect of rainfall dilution as suggested by the anion and cation data. Th e fi lter socks contributed to a signifi cant additional reduction in the concentrations of dissolved glyphosate (5%), AMPA (21%), and alachlor (18%) compared with the unamended grassed waterways in the tilled watershed (Table 3) . In a simulated runoff study Syversen and Bechmann (2004) also noted a signifi cant reduction in glyphosate concentration when they uniformly distributed runoff to a 5-m-wide grassed buff er strip. We did not detect any signifi cant diff erences for the notill watershed; however, the average C/C o values were lower in all instances for the waterways with fi lter socks than for the unamended waterways. Although meso-and microplot studies have documented a decline in herbicide concentrations as a result of vegetative fi lter strips, no watershed-scale studies have previously quantifi ed a reduction due to installation of fi lter strips (Krutz et al., 2005) . While the watersheds we investigated are probably much smaller than those envisioned by Krutz et al. (2005) , they do represent realistic-scale crop production typical of the geographic environment of northern Appalachia.
Th e graph of C/C o values for glyphosate indicated that there was considerable variation among events in the eff ectiveness of the grassed waterways in reducing glyphosate concentrations and that the additional benefi t of installing fi lter socks was small in all instances (Fig. 4) . Th e maximum contaminant level (MCL) for glyphosate of 700 μg L −1 was not exceeded on a cropyear basis (Tables 1 and 2 ) and the highest concentration for an individual sample was only 117 μg L −1 . Atrazine fl ow-weighted mean concentration for runoff as it exited the watersheds, however, exceeded its MCL of 3 μg L −1 for the tilled watershed in 2007 and 2008 (Table 2 ) and the no-till watershed in 2008 (Table 1) . Similarly, the fl ow-weighted mean concentration of alachlor as the runoff exited both watersheds exceeded its 2 μg L −1 MCL in 2008. In the case of atrazine and alachlor for the no-till watershed in 2008, and alachlor in the tilled watershed in 2008, the fl ow-weighted mean concentrations at 15 and 30 m remained above their respective MCLs. Th is indicated that the combined eff ect of the grassed waterways and fi lter socks due to sorption and minimal dilution was insuffi cient to reduce the herbicide concentrations to meet their respective standards. According to Wauchope et al. (2002) , annual fl owweighted concentrations are the most appropriate toxicologically relevant endpoints for alachlor, atrazine, and glyphosate.
Summary and Implications
Th e socks installed in the waterways fi ltered the surface runoff as it passed through the compost used to fi ll them. Th is may have reduced sediment concentration by particle retention within the matrix of the compost and reduced herbicide concentrations due to sorption on the compost. In addition, the fi lter socks ponded water behind them, thus increasing the contact time with grass, thatch, and soil in the waterways, thereby increasing the potential for sorption, and decreasing turbulence and allowing for increased sediment deposition. Dilution of the surface runoff by rain falling directly on the waterways can also reduce concentrations in the runoff , but the design of the waterways reduced this eff ect and a comparison of the composition of the rainfall with that of the runoff in the waterways suggested that dilution must have had a minor eff ect on the concentrations of the measured constituents.
Th rough a combination of fi ltering and deposition the fi lter socks signifi cantly reduced the concentration and transport of sediment in the waterways receiving runoff from the tilled watershed, but did not have an eff ect on sediment losses from the no-till watershed, which had an average sediment concentration approximately one-fi fth of that of the tilled watershed. In addition, the eff ectiveness of the waterways in reducing sediment concentrations varied considerably among events. Nevertheless, the fi lter socks reduced sediment concentrations even under the highest fl ow rates encountered that resulted in erosion of the unamended grassed waterway. Th ese observations suggest that the most eff ective use of fi lter socks for reduction in sediment loads are for those waterways where high sediment concentrations and fl ow rates that can potentially damage the waterway are expected. Although not observed in this study, large accumulations of sediment behind fi lter socks may require periodic removal to maintain their eff ectiveness and the function of the grassed waterway.
Th e eff ect of the fi lter socks on nutrient losses was confounded by the presence of soluble forms of these materials in the compost that signifi cantly increased their concentrations downstream from the fi lter socks, while not increasing transport enough to be of environmental concern. Increased sorption of the herbicide alachlor as well as glyphosate and its metabolite AMPA on the compost, or as a result of ponding, signifi cantly reduced the concentrations of these materials in the runoff from the tilled watershed and lead to nonsignifi cant reductions in concentration in runoff from the no-till watershed. Th e reductions in herbicide concentrations were insuffi cient to reduce average fl ow-weighted concentrations of all herbicides to acceptable levels. Th ese observations suggest that alternative materials used to fi ll the socks that increase sorption of nutrients and herbicides should be investigated.
